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Abstract: 
Time-lapse monitoring of seismic velocity at volcanic areas can provide unique insight into the property of hydrother-
mal and magmatic fluids and their temporal variability. We established a quasi real-time velocity monitoring system 
by using seismic interferometry with ambient noise to explore the temporal evolution of velocity in the Lassen Vol-
canic Center, Northern California. Our monitoring system finds temporal variability of seismic velocity in response to 
stress changes imparted by an earthquake and by seasonal environmental changes. Dynamic stress changes from a 
magnitude 5.7 local earthquake induced a 0.1 % velocity reduction at a depth of about 1 km. The seismic velocity sus-
ceptibility defined as ratio of seismic velocity change to dynamic stress change is estimated to be about 0.006 MPa−1, 
which suggests the Lassen hydrothermal system is marked by high-pressurized hydrothermal fluid. By combining 
geodetic measurements, our observation shows that the long-term seismic velocity fluctuation closely tracks snow-
induced vertical deformation without time delay, which is most consistent with an hydrological load model (either 
elastic or poroelastic response) in which surface loading drives hydrothermal fluid diffusion that leads to an increase 
of opening of cracks and subsequently reductions of seismic velocity. We infer that heated-hydrothermal fluid in a 
vapor-dominated zone at a depth of 2–4 km range is responsible for the long-term variation in seismic velocity
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Introduction
The Lassen Volcanic Center (LVC) is one of the south-
ernmost active volcanoes in the Cascades Volcanic Arc 
and has experienced at least 14 eruptions in the last 
100,000  years (Clynne and Muffler 2010). A series of 
eruptions occurred in 1914–1917 including steam explo-
sions and column-collapse pyroclastic flows (Clynne and 
Muffler 2010; Clynne et  al. 2012). The US Geological 
Survey (USGS) designates the LVC as “very high threat 
volcano” (Ewert et  al. 2006) and has been monitoring 
tectonic and volcanic seismicity by an array of seismom-
eters (Moran 2004). Crustal extension in the Basin and 
Range Province causes normal-faulting earthquakes 
in and around the LVC, including the 1946 M 5.0 and 
1950 M 5.5 earthquakes (Norris et al. 1997). The majority 
of volcanic seismicity consists of clusters of earthquakes 
(or earthquake swarms) occurring over several days 
(Klein 1979). These seismic activities were likely linked to 
fluid pressure fluctuations from the Lassen hydrothermal 
system (Janik and McLaren 2010; Ingebritsen et al. 2015).
The Lassen hydrothermal system is the most exten-
sive active hydrothermal system of the Cascade arc and 
is characterized by a shallow vapor-dominated reservoir 
underlain by ~240  °C hot waters (Muffler et  al. 1982; 
Ingebritsen and Sorey 1985; Ingebritsen et al. 2016). This 
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hydrothermal system has been suggested to be driven 
by heat from cooling mafic magma reservoirs beneath 
the LVC (Clynne et  al. 2012). A number of long-period 
earthquakes (depth of 15–20  km) were detected in the 
LVC (Pitt et al. 2002), which might represent movements 
of magma at depth. The extensively active Lassen hydro-
thermal system may pose potential hazards to the Lassen 
region including emissions of gases and hydrothermal 
explosions.
There is thus a need of continuous monitoring of the 
hydrothermal system. In the last several years, seismic 
interferometry has become one of the most effective seis-
mological tools for time-lapse monitoring of hydrother-
mal and magmatic reservoirs (e.g., Brenguier et al. 2008b, 
2011, 2016; Haney et al. 2009; Nagaoka et al. 2010; Jaxy-
bulatov et al. 2014; Caudron et al. 2015; Spica et al. 2015). 
Here, we apply seismic interferometry to continuous 
seismic recordings for investigating the temporal seismic 
behavior of the Lassen hydrothermal system.
Data and analysis
To establish an automated seismic velocity monitoring 
system for the LVC, we have analyzed continuous seis-
mic records from the six seismic stations of the Northern 
California Seismic Network (NCSS) that surround the 
Lassen Peak (Fig. 1). One of six stations, LDH is equipped 
with a three-component broadband sensor (CMG-
3ESPC) with a flat response from 60  s to 50  Hz. The 
remaining five stations are equipped with a short-period 
L4 vertical geophone sensor with a natural frequency of 
1 Hz. All stations have been maintained by USGS.
We computed noise cross-correlation functions (NCFs) 
for continuous seismic recordings archived at the North-
ern California Earthquake Data Center (NCEDC 2014) by 
using MSNoise software (Lecocq et al. 2014). Our moni-
toring system has been focused on analyzing the seismic 
data after a major change of the USGS recording system 
that occurred in late 2011 (NCEDC 2014). The seismic 
recordings before this 2011 upgrade were collected with 
different sampling rate and equipment. We excluded the 
pre-2012 data for our analysis to avoid any possible artifi-
cial velocity changes due to equipment changes, although 
correcting the full instrument response will minimize 
such artificial variations in velocity.
NCFs were obtained by a slightly modified version of 
the data processing described in Brenguier et al. (2008a) 
and Taira et al. (2015). We first removed the instrument 
response from 1-day-long waveform to obtain ground 
motion in displacement. Daily displacement data were 
bandpassed between 0.08 and 2.0 Hz, down-sampled into 
10  Hz, and split into 30-min-long data. Those 30-min-
long data were spectral whitened in a frequency range 
of 0.1–0.9  Hz and then one-bit normalized. With those 
one-bit normalized data, the NCFs were computed for all 
possible combinations of components. Daily NCFs were 
then obtained by stacking 30-min NCFs.
We employed the moving-window cross-spectral tech-
nique (Clarke et  al. 2011) to obtain temporal variability 
of seismic velocity (dv/v), by measuring time delay (dt) 
between the 5-day stack of NCFs and reference NCFs 
(Brenguier et  al. 2008b; Wegler et  al. 2009) with an 
assumption of a constant velocity change around the sta-
tions. The reference NCF was computed by averaging 
over daily NCFs obtained from January 2012 through 
June 2016 (Fig.  2). Coda parts of NCFs in which scat-
tered surface wave arrived were used to measure dt to 
minimize effects of the time-dependent distributions of 
ambient noise sources (e.g., Stehly et al. 2008; Hadziioan-
nou et al. 2011). The coda parts were defined from −50 to 
−20 s and 20 to 50 s to avoid direct surface waves for our 
dt measurements (Fig. 2). We also expect that this coda 
window will minimize the contribution of scattered body 
waves. Obermann et  al. (2013a) showed with numeri-
cal experiments that the body wave contribution will be 




























Fig. 1 Map view of the Lassen Volcanic Center. The blue triangles 
and white squares show the locations of seismic stations and Global 
Positioning System (GPS) sites, respectively. Also shown are the 
background earthquakes (black dots) during January 1984 through 
June 2016. The locations were determined by a double-difference 
relocation approach (Waldhauser and Schaff 2008; Waldhauser 2009) 
and were extracted from NCEDC (NCEDC 2014). White stars represent 
locations of the M ≥ 3 earthquakes. Orange stars are two M ≥ 5 
Lassen earthquakes from the Berkeley Digital Seismic Network earth-
quake catalog. The solid line indicates the boundary of the Lassen 
Volcanic National Park. The inset figure shows our target area shown 
in the solid rectangle. Also shown in this inset figure is the location of 
the 2013 M 5.7 Greenville earthquake (solid star) that locates ~50 km 
southeast of station LEL
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dominant after six times the normalized transport mean 
free time t* = l/c where l is the transport mean free path 
and c is the surface wave velocity. As mentioned in Ober-
mann et al. (2013a), the estimation of the transport mean 
free path is often difficult. However, if we use l = 50 km 
that was used in Obermann et al. (2013b) for Piton de la 
Fournaise volcano together with c = 2.0–3.0 kms−1, the 
body wave contribution would be significant after 100–
150 s that is outside our coda window.
In coda windows defined, dt was computed with a slid-
ing time window of 10 s shifted by 1 s. The resultant dt 
measurements were used to infer dv/v when the value 
of cross-correlation between the 5-day stack and ref-
erence NCFs exceeds 0.85 for each sliding window. We 
confirmed that NCFs from all pairs of stations have good 
signal-to-noise ratio throughout the coda window and 
provide high values of cross-correlation (>0.80) for the 
dt measurements. However, through our noise cross-
correlation analysis, we find large time gaps over sev-
eral months during winter season for station LRD and 
excluded the pairs of stations including station LRD. Our 
analysis also finds possible clock drift in the recording 
system for station LSI. Although this clock drift can be 
corrected (Stehly et al. 2007; Sens-Schönfelder 2008), this 
station was excluded for dv/v measurements. After these 
data-quality controls, the total number of the seismic sta-
tion is four and consisted of one three-component sensor, 
LDH and three short-period vertical sensors, LEL, LME, 
and LRR. Most of those four stations were located in the 
west side of the LVC (Fig.  1). As one three-component 
site (LDH) was only available for our analysis, dt (and 
dv/v) measurements were limited to use vertical–verti-
cal (ZZ), vertical–radial (ZR), vertical–transverse (ZT), 
radial–vertical (RZ), and transverse–vertical (TZ) com-
ponents of NCFs (Fig. 2). Note that RZ and TZ compo-
nents are recorded in acausal parts (lapse time < 0) of ZR 
and ZT components, respectively. We obtained 12 indi-
vidual channel pairs of NCFs from the four stations. To 
explore temporal variability in dv/v, we stacked dt meas-
urements from the 12 channel pairs and obtained dv/v 
with an assumption of a homogeneous velocity change, 
dv/v = −dt/t (Brenguier et al. 2008b; Wegler et al. 2009).
Results
Our seismic velocity monitoring system has been updat-
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Fig. 2 Reference NCFs for a vertical–vertical, b vertical–radial, and c vertical–transverse components in a frequency of 0.1–0.9 Hz as a function of 
inter-station distances. The amplitudes are normalized by their maximum amplitudes. Gray lines indicate the coda window ranging from −50 to 
−20 s and 20 to 50 s. Dashed gray lines show another coda window based on the inter-station distance (see text details in “Results” section)
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archives the previous day’s continuous seismic record-
ings. The most updated dv/v time series can be found at 
http://earthquakes.berkeley.edu/~taira/LP/LP_Noise.
html (last accessed on September 15, 2016). In this paper, 
we show the temporal evolution of dv/v from January 
2012 through June 2016 (Fig. 3). The most notable feature 
of the dv/v time series shown in Fig. 3a is a sudden veloc-
ity drop (about 0.1  %) occurring in late May 2013. We 
searched for local and teleseismic earthquakes that might 
be linked to this velocity reduction. The magnitude (M) 
5.7 Greenville earthquake occurred on May 24, 2013, and 
its epicenter is located about 50 km away from the LVC 
(the inset figure in Fig. 1). The timing of the occurrence 
of this Greenville earthquake appears to be directly cor-
related with the onset of the velocity reduction (Fig. 3b). 
After this velocity reduction, the dv/v gradually increased 
over time. However, there seems to be a long-term veloc-
ity perturbation that might be superimposed on the 
velocity recovery.
To explore the underlying mechanism of seismic veloc-
ity changes observed, we evaluated the depth extent of 
changes in velocity by examining the frequency depend-
ence of dv/v (e.g., Wu et al. 2016). We recomputed NCFs 
with three different frequency bands (0.1–0.5  Hz, 0.3–
0.7  Hz, and 0.5–0.9  Hz) that were used for the spectral 
whitening process and obtained the frequency-depend-
ent dv/v time series (Fig. 4). We find that the dv/v time 
series in the 0.5- to 0.9-Hz band most clearly shows the 
velocity reduction and the subsequent velocity recovery 
(Fig. 4a). On the contrary, the velocity reduction was not 
clearly registered for lower frequency bands (0.3–0.7 Hz 
and 0.1–0.5  Hz). In those frequency bands, long-term 
variations seem to be observed (Fig.  4b, c). Note, how-
ever, that dv/v measurements on a 5-day stack are not 
stable in the 0.1- to 0.5-Hz band. To further explore long-
term velocity fluctuations, we computed dv/v for stack 
of 30  days for individual frequency bands (red lines in 
Fig. 4). The amplitude of the long-term variation is about 
±0.03 % in the 0.3- to 0.7-Hz band. A seasonal variation 
is seen in the 0.1- to 0.5-Hz band in which dv/v gradu-
ally decreased in the winter season (Fig. 4c). Although we 
used coda of NCFs to explore dv/v, this seasonal velocity 
variation might be related to seasonal variability in distri-
bution of noise source.
We also tested another coda window in which we 
define the starting time based on inter-station distances 
and surface wave velocity (dashed gray lines in Fig. 2). We 
assume that the velocity of surface wave (both direct Ray-
leigh and Love waves) is 2.0 kms−1 in a frequency band of 
0.1–0.9 Hz and defined that the coda part starts at three 
times the arrival time of the direct surface wave. The 
length of the coda part was fixed to be 30 s for all pairs 
of stations. The resultant temporal evolutions of dv/v in 
Fig.  5 are comparable to those shown in Fig.  4, which 
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Fig. 3 Time history of relative velocity change dv/v for stack of 5 days in a frequency range of 0.1–0.9 Hz from the coda window ranging from −50 
to −20 s and 20 to 50 s, with two sigma standard deviations in the time intervals a January 2012 through June 2016 and b December 2012 through 
November 2013. Note that the dv/v was plotted at the end of the time window for stacking NCFs. Dashed red line is the occurrence time of the 24 
May 2013 M 5.7 Greenville earthquake
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The frequency-dependent variability in dv/v observed 
can constrain the depths of the velocity changes through 
the sensitivity kernel of surface waves. We derived a one-
dimensional S-wave velocity (Vs) model from the one-
dimensional P-wave velocity (Vp) model (Fig. 6b) that is 
used to locate LVC local earthquakes by USGS, assuming 
the Vp/Vs ratio of 1.76 (F. Klein personal communica-
tion). With the Computer Programs in Seismology pack-
age (Herrmann 2013), we evaluated the sensitivity kernel 
(Fig. 6a) with the USGS one-dimensional velocity model. 
Note that the depths described are measured from sur-
face throughout this study. We use the Rayleigh-wave 
sensitivity kernel to evaluate the depth extents of veloc-
ity changes. As shown in Fig. 2, our analysis was limited 
to use ZZ, ZR, ZT, RZ, and TZ components in NCFs. In 
those components, Rayleigh wave would be more domi-
nant than Love wave.
Love wave would be most clearly observed in the TT 
component that we were not able to obtain from our 
dataset. It should be noted, however, that we analyzed the 
coda of NCFs in which the scattered Love waves would be 
included. Our estimation of the depth extents in velocity 
changes is therefore biased if Love waves are dominant in 
the coda of NCFs analyzed. However, this bias would be 
primarily profound when two horizontal components are 
used for noise cross-correlation analysis (i.e., TR com-
ponent). There is no NCF obtained by cross-correlating 
two horizontal components in our dataset. A complex 
anisotropic structure and topography would introduce 
contaminations of Love waves in the ZZ, ZR, ZT, RZ, and 
TZ components we analyzed. However, it is very unlikely 
that Love waves are more dominant than Rayleigh waves 
in those five NCF components due to effects from aniso-
tropic structure and topography.
With the Rayleigh-wave sensitivity kernel, the sur-
face waves in the frequency range of 0.1–0.9 Hz propa-
gate at least down to 10 km depth and cover the whole 
LVC seismogenic zone (Fig. 6b). Note, however, that the 
majority of low-frequency earthquakes that are likely 
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Fig. 4 Frequency-dependent velocity change dv/v for stack of 5 days in frequency ranges of a 0.5–0.9 Hz, b 0.3–0.7 Hz, and c 0.1–0.5 Hz in the time 
interval January 2012 through June 2016. The coda window ranging from −50 to −20 s and 20 to 50 s was used (gray lines in Fig. 2). Dashed red line 
is the occurrence time of the 24 May 2013 M 5.7 Greenville earthquake. Also shown are the time series of dv/v for stack of 30 days (red lines)
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a depth of 15–20 km (Pitt et al. 2002). With this sensitiv-
ity kernel, the 2013 velocity reduction registered only in 
the 0.5- to 0.9-Hz band most likely occurred at depth of 
~1 km.
Discussion
As shown in Figs. 4a and 5a, we observe a sudden veloc-
ity reduction of about 0.1 % occurring in late May 2013. 
The onset time of this velocity reduction suggests that 
the velocity reduction is likely associated with the M 
5.7 Greenville earthquake (Fig.  7a). We hypothesize 
that the velocity reduction is associated with opening 
of cracks in the hydrothermal system of the LVC due to 
stress changes triggered by the Greenville earthquake. 
Our frequency-dependent dv/v observation also sug-
gests that the velocity change occurred at ~1  km depth 
range (Fig.  6a). Note, however, that our dataset was 
not sensitive to velocity changes in the first 1 km depth 
because the upper bound of the frequency range is 0.9 Hz 
(Fig. 6a), although there is a slight increase of the sensi-
tivity at the superficial layer.
A range of static stress changes was computed with a 
circular crack model (Aki and Richards 1980). Assum-
ing a stress drop of 1–10  MPa with a rupture length of 
5–10 km for the M 5.7 Greenville earthquake, the static 
stress change at the LVC would be an order of 0.0001–
0.001 MPa. On the other hand, the dynamic stress change 
is estimated to be 0.17  MPa based on the peak ground 
velocity observation at station LDH (1.3 cms−1), assum-
ing the shear-wave velocity of 2.3  kms−1 and the shear 
modulus of 30 GPa. The dynamic stress change would 
be two orders of magnitude higher than the static stress 
changes. With these stress change estimates, we suggest 
that the dynamic stress is responsible for the 2013 veloc-
ity reduction. We also searched for an increase of LVC 
seismicity that is remotely triggered by the Greenville 
mainshock and find that there is no elevated seismicity 
(Fig. 7a).
The observed velocity reduction allows us to esti-
mate the seismic velocity susceptibility that is defined 
as the ratio of the change in velocity and the dynamic 
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Fig. 5 Same as Fig. 4 except that the coda window defined with the inter-station distance was used (dashed gray lines in Fig. 2) and that the dv/v for 
stack of 30 days was not plotted
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(2016) identified an overpressurized layer within the 
subduction zone in northern Costa Rica through the 
estimate in seismic velocity susceptibility. With the 
dynamic stress of 0.17  MPa and velocity reduction of 
0.1 %, the velocity susceptibility is estimated to be about 
0.006  MPa−1. This resultant velocity susceptibility of 
0.006 MPa−1 is lower than those summarized in Yama-
mura et al. (2003) except for the Sano et al. (1999) field 
experiment (0.005 MPa−1). It should be noted, however, 
that these estimations of velocity susceptibility are asso-
ciated with velocity changes in shallow layer (the top 
10–450  m depth) where the velocity susceptibility is 
expected to be high because of low confining pressure. 
Generally, the seismic velocity susceptibility will be 
decreased with increasing of depth due to an increase 
of the confining pressure. In fact, the lowest velocity 
susceptibility (0.005  MPa−1) listed in Yamamura et  al. 
(2003) was obtained from the velocity change observed 
at a depth of 450  m inside the Kamaishi mine tunnel, 
Japan (Sano et al. 1999).
On the contrary, our analysis made use of seismic data 
in a frequency of 0.1–0.9 Hz, suggesting that a depth of 
the velocity change related to the 2013 Greenville earth-
quake is about 1 km depth from the Rayleigh-wave sen-
sitivity kernel shown in Fig. 6a. At this depth, a value of 
velocity susceptibility would be lower than those sum-
marized in Yamamura et al. (2003) due to a higher con-
fining pressure. To get insight into the nature of the 
velocity susceptibility of 0.006  MPa−1 obtained at the 
LVC, we compared it with the velocity susceptibility 
measurements from Brenguier et al. (2014) that analyzed 
ambient noise seismic data in the same frequency band 
(0.1–0.9 Hz) used in our analysis. We assume that both 
studies extract the values of velocity susceptibility at sim-
ilar depth. With this assumption, the confining pressure 
would be in the same range.
Brenguier et  al. (2014) identifies the zones of high 
velocity susceptibility (>0.0005  MPa−1) that are spa-
tially correlated with hydrothermal and volcanic fields. 
They suggest that an effective confining pressure will 
be reduced due to highly pressurized hydrothermal and 
magmatic fluid, proposing that a reduction of the con-
fining pressure will be responsible for the high values of 
velocity susceptibility. We find that this velocity suscep-
tibility obtained at the LVC is higher than or compara-
ble to those obtained in Mt Fuji and other hydrothermal 
areas in Japan by Brenguier et  al. (2014), which would 
indicate that there would be an existence of high-pressur-
ized hydrothermal fluid at the LVC.
Geochemical studies suggest that the Lassen hydro-
thermal system consisted of a large vapor-dominated 
zone that contains mixtures of the heated water and dis-
solved volcanic gases in the upper 1–2 km depth (Clynne 
et  al. 2003). A highly pressurized hydrothermal fluid in 
the vapor-dominated zone might be responsible for the 
resultant velocity susceptibility of 0.006 MPa−1 obtained. 
We speculate that the dynamic stress from the Greenville 
earthquake induces steam-heated water from the vapor-
dominated zone to prevail in open fractures at the near-
surface layer.
Another possible mechanism of a sudden velocity 
reduction in surface layer is heavy precipitation (e.g., 
Sens-Schönfelder and Wegler 2006; Meier et  al. 2010; 
Hillers et  al. 2014; Rivet et  al. 2015). We examined the 
continuous hydrological dataset at LVC maintained by 
National Oceanic and Atmospheric Administration 
(NOAA). They are, however, “modeled” hydrology prod-
ucts. Although it is less clear about the physical model 
and parameters behind this NOAA’s modeling, it appears 
that this is the best dataset to address a long-term LVC 
precipitation. We extracted precipitation data modeled 
at Lassen Peak (site code LLPC1; about 1 km east from 
station LEL) from NOAA (http://www.nohrsc.noaa.
gov/interactive/html/graph.html?station=LLPC1; last 
accessed on September 8, 2016). From the NOAA data-
set, no heavy precipitation was identified, although there 
were light precipitations before and after the occurrence 
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Fig. 6 a Frequency-dependent Rayleigh surface-wave sensitivity to 
velocity perturbations that constitute a proxy for depth resolution. 
The sensitivity kernel for the 0.1-Hz band (black line) is exaggerated 
by a factor of 5. b The depth distribution of earthquakes during 
January 1984 through June 2016 shown in Fig. 1. Also shown is the 
one-dimensional P-wave velocity model (black line) used by USGS to 
locate the LVC local earthquakes. A one-dimensional S-wave velocity 
model was derived from this P-wave velocity model with the Vp/Vs 
ratio of 1.76
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Following the velocity reduction, dv/v appears to 
remain at ~0.1 % in the first 3–4 months and then gradu-
ally increased. The postseismic velocity recovery could be 
modeled as a logarithmic function (Vidale and Li 2003) 
with dv/v(t) = γ log
e
(1+ t/τ) where τ is a character-
istic relaxation time and t is the elapsed time following 
the Greenville mainshock; γ is a constant to be estimated. 
To characterize the relaxation time observed at the 
LVC, we compare the velocity recovery at the LVC with 
another velocity change at the San Andreas fault, Califor-
nia, induced by the 2003 M 6.6 San Simeon earthquake 
(Brenguier et  al. 2008a). To remove any bias from data 
processing for the comparison of τ, we used the same 
frequency band and the length of the time window for 
stacking NCFs that were used in Brenguier et al. (2008a). 
We inverted the time history of dv/v for stack of 30 days 
in a frequency of 0.1–0.9 Hz to determine τ (and γ) for 
both the Greenville and San Simeon velocity recovery 
processes through a least-squares method (Fig. 7b).
We employed a bootstrap approach to obtain the 95th 
confidence intervals of model parameters (Efron and Tib-
shirani 1993) where a subsampled dataset was obtained 
by randomly sampling dv/v data point from the entire 
dv/v time series. The total data point of the subsampled 
dataset is the same as that of the original dv/v time series. 
We obtained 1000 individual subsampled datasets with 
this resampling process and performed a least-squares fit-
ting of each subsampled dataset to determine the distri-
bution of τ (and γ) (Fig. 7c). With these 1000 subsampled 
datasets, τ is found to be ranged from 213 to 294  days 
with a median value of 250 days (Fig. 7c). The resultant 
τ for the postseismic velocity recovery for the 2003 San 
Simeon (shown in Fig. 7b) is obtained to be 136 days and 
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Fig. 7 a Coseismic velocity reduction associated with the 24 May 2013 M 5.7 Greenville earthquake (dashed red line). Blue circles and orange squares 
are dv/v for stack of 5 days in a frequency range of 0.5–0.9 Hz from two different coda windows: (1) −50 to −20 s and 20 to 50 s and (2) the inter-
station distance dependent, respectively. Black line represents the cumulative number of earthquakes that occurred within 10 km from station LEL 
from March 1, 2013. Also shown in the modeled precipitation (gray bars) at Lassen Peak. b The postseismic velocity recovery following the 2013 
Greenville earthquake. Black line is dv/v for stack of 30 days in a frequency range of 0.1–0.9 Hz with the coda window ranging from −50 to −20 s 
and 20 to 50 s. Red line is a synthetic velocity change modeled by a logarithmic velocity recovery with the median model parameters. Note that the 
velocity changes were normalized by the maximum velocity drop. Also shown is the seismic velocity change (gray line) at the San Andreas fault, 
induced by the 2003 M 6.6 San Simeon earthquake (Brenguier et al. 2008a) and its synthetic velocity change (blue line). Note that we only show 
Brenguier’s result in the first 285-day postseismic period to avoid another velocity reduction due to the 2004 M 6.0 Parkfield earthquake. c Distribu-
tion of the relaxation time (τ) from the bootstrap analysis with 1000 subsample datasets. The black line indicates the median value (250 days), and 
dashed lines are the 95th confidence interval (213–294 days)
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median relaxation time is about 100 days longer than that 
obtained at the San Andreas fault, which would suggest 
that the cracks produced by the Greenville earthquake 
were slowly closed. A large volume of steam-heated water 
surrounding the cracks might sustain opening of cracks 
over several months, leading to a notable slow recovery 
process.
Our dv/v measurements also reveal long-term varia-
tions of seismic velocity in the lower frequency bands 
(0.3–0.7 Hz and 0.1–0.5 Hz). A seasonal variation in the 
0.1- to 0.5-Hz band shown in Figs. 4c and 5c might be pri-
marily due to time-dependent noise source distribution 
(e.g., Hadziioannou et al. 2011; Zhan et al. 2013; Hillers 
et al. 2015). Additionally, the uncertainties in the major-
ity of dv/v measurements on a 5-day stack exceed 0.1 %, 
which could introduce bias into the estimate of the long-
term velocity change. We thus only explore the under-
lying mechanism of the long-term velocity variation 
in the 0.3- to 0.7-Hz band in which a recurrent reduc-
tion of velocity was observed during the winter season 
(Figs. 4b, 5b). It should be noted that dv/v also decreases 
in the summer season in 2012 and 2013. A part of the 
2013 summer velocity reduction might be a response to 
the dynamic stress change from the Greenville earth-
quake. A weak long-term trend might be observed in 
the 0.5- to 0.9-Hz band (Figs. 4a, 5a), although this long-
term trend is superimposed into the coseismic and post-
seismic velocity changes associated with the Greenville 
earthquake. Based on the surface-wave sensitivity kernel 
(Fig.  6a), our observation suggests that the long-term 
velocity change occurred in a depth of 2–4  km range 
rather than in the near-surface layer.
Christiansen et al. (2005) explored seasonal variations 
in seismicity at several volcanic centers in the western 
USA including the LVC and find no clear seasonal seis-
micity at the LVC from an earthquake catalog for two 
decades (1984–2004). It should be noted, however, that 
their time interval does not overlap with our analysis 
period. In contrast to the seismicity analysis, continuous 
geodetic measurements have revealed seasonal deforma-
tion and long-term subsidence in and around the LVC. 
Recent studies document that the LVC has been subsid-
ing since at least the 1990s (Poland et  al. 2004; Parker 
et al. 2016). A number of models for the subsidence have 
been proposed, including crustal extension and cooling 
magma. However, the physical mechanism of the long-
term Lassen subsidence still remains unclear. In addi-
tion to this long-term subsidence, the LVC experiences 
seasonal vertical deformation. The snow depth modeled 
by NOAA at Lassen Peak seems to be anti-correlated 
with the vertical deformation (Fig.  8), which suggests 
that the observed vertical deformation is most likely due 
to regional hydrological (snow and rain) loading (Amos 
et al. 2014; Borsa et al. 2014). During the winter seasons, 
an increase of surface loading causes downward motion. 
Continuously operating Global Positioning System (GPS) 
operated by the Plate Boundary Observatory shows 
that the amplitude of seasonal vertical motion is about 
±10 mm.
An increase of surface loading from rain and snow 
may trigger pore fluid diffusion that increases pressure 
in fluid-filled cracks and consequently reduces seismic 
velocity (Mordret et  al. 2016). However, the same load-
ing effect will also increase confining pressure at depth 
that can lead to an increase of seismic velocity by clos-
ing cracks (Hotovec-Ellis et al. 2014). Silver et al. (2007) 
find both increase and decrease of velocity changes dur-
ing an increase of atmospheric pressure loading from 
active source experiments. They find that an increase 
of atmospheric pressure causes reductions of velocity 
nearby water wells whereas increases in velocity far from 
wells, proposing that the polarity of velocity change (i.e., 
positive or negative velocity change) due to surface load-
ing will be controlled by whether or not a large volume of 
fluid exists nearby fracture zones. Following Silver et al. 
(2007), the presence of a large active hydrothermal sys-
tem at the LVC will lead to a velocity reduction with an 
increase of surface loading, which is consistent with our 
observation shown in Fig. 8a.
Another source of seasonal velocity variation may be 
thermoelastic strain changes (Hillers et  al. 2015). Tsai 
(2011) considered thermoelastic, poroelastic, and elastic 
hydrological load models to explain the coherence of sea-
sonal variation between vertical deformation and seismic 
velocity change. The thermoelastic model predicts that 
velocity changes decrease exponentially as a function of 
depth. This depth dependency from thermoelastic model 
is inconsistent with our observation. Another observa-
tional constraint is a phase delay between the geodetic 
deformation and velocity change. The elastic load model 
requires an instantaneous velocity change, whereas the 
poroelastic load model leads to a seismic velocity lags 
behind a change in vertical deformation.
We performed a moving-window coherence analysis 
between the ground deformation and velocity change 
with a 1-year time window with 20 % overlap to identify 
the phase lag and coherence (Fig.  8b). This 1-year time 
window was selected to stabilize the coherence analysis. 
We used the dv/v time series for stack of 30 days in the 
frequency range of 0.3–0.7 Hz (the red line in Fig. 8a) and 
a 30-day running median vertical displacement collected 
at P668 GPS site (the green line in Fig. 8a). This GPS site 
has been in operational with minimal data gaps in and 
around the LVC. Note, however, that the data after Janu-
ary 2016 were not available. The phase lag and coherence 
were determined through a liner fit of the cross-spectrum 
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between the dv/v and GPS data in a frequency domain. 
The linear fit was performed in the period above 30 days 
because the dv/v and GPS data were already smoothed by 
a 30-day time window. The uncertainty of the phase lag 
was computed based on the residual of the linear fit to 
the cross-spectrum. We set the lower limit of the uncer-
tainty to be ±15  days because of a 30-day time widow 
applied to the dv/v and GPS data.
We find that the coherence exceeds 0.7 for the entire 
time period analyzed. The phase lag was varied over 
time, especially the time interval around the 2013 Gren-
ville earthquake. However, we find that the phase lag is 
stable at close to 0 day during 2014–2015. This observa-
tion can be interpreted that the velocity changes at least 
in the last ~2 years are mostly controlled by either elastic 
loading or poroelastic response with notable high frac-
ture permeability. It should be noted, however, that the 
seismic velocity was not correlated with vertical defor-
mation in January–June in 2013, which indicates that 
there might be other underlying process of the long-term 
velocity variation. Groundwater measurement is a key 
observation to access the hydrological load model in the 
seismogenic crust (Sens-Schönfelder and Wegler 2006; 
Hillers et al. 2015; Rivet et al. 2015). However, continuous 
hydrological (groundwater and precipitation) data were 
not available at the LVC. Also, snowmelt will significantly 
increase in groundwater level (Saar and Manga 2003), 
which should be taken into account for modeling. Due 
to a lack of direct hydrological observations, we were not 
able to model velocity changes with hydrological load 
models.
The amplitude of velocity changes from the hydrologi-
cal load models (elastic and poroelastic) is mainly con-
trolled by porosity and hydraulic diffusivity (Tsai 2011). 
Both porosity and hydraulic diffusivity will be propor-
tional to fracture permeability (Zoback 2007). A high-
permeable layer will lead to a large variation in seismic 
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Fig. 8 a A long-term velocity change and vertical deformation at the LVC. Red line is dv/v for stack of 30 days in a frequency range of 0.3–0.7 Hz 
with the coda window ranging from −50 to −20 s and 20 to 50 s. Gray circles are up–down displacements (USGS solutions) at GPS site P668 with 
the one-sigma error bars. Also shown is a 30-day median GPS displacement (green line). Note that the mean and the linear trend were removed 
from GPS and dv/v data. Dashed red line is the occurrence time of the 24 May 2013 M 5.7 Greenville earthquake. b Phase lag (solid circle) and coher-
ence (open squares) between 30-day running median GPS (green line in a) and dv/v (red line in a) time series. A positive phase lag indicates that the 
dv/v change lags behind the vertical deformation change. Note that phase lag and coherence are plotted at the end of the 1-year time window 
used to compute those parameters. c Modeled precipitation (black bars) and slow depth (blue line) at Lassen Peak
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high-permeable layer at a depth of 2–4  km. It appears 
that the background LVC seismicity also suggests a 
high level of porosity in this depth range. As shown in 
Fig. 6b, the background LVC seismicity is concentrated at 
3–6 km depth. A layer of thermal cracking with heated-
hydrothermal fluid has been suggested to be respon-
sible for clusters of the Lassen seismicity in this depth 
range (Janik and McLaren 2010), which in turn lead to a 
high-permeability zone and also reflect a volume of high 
porosity and high hydraulic diffusivity. In addition to the 
LVC seismicity, clusters of earthquake activity at volcanic 
areas are likely driven by hydrothermal fluid migration 
through highly permeable pathways (Waite 2002; Shelly 
et  al. 2013, 2015). Our working hypothesis is that the 
thermal cracking layer is very sensitive to changes in sur-
face loading and that an increased surface loading instan-
taneously induces hydrothermal fluid pressure diffusion 
serving to open cracks and reduce seismic velocity.
Conclusions
A quasi real-time monitoring system for seismic veloc-
ity at the LVC is established by making use of seis-
mic interferometry approach with the continuous data 
archived at NCEDC. We document responses of the Las-
sen hydrothermal system to external stressing through 
time evolution of seismic velocity. Our monitoring sys-
tem identifies a sudden velocity reduction of ~0.1  % in 
a depth of 1  km. This velocity reduction is most likely 
due to opening of cracks at 1  km depth created by the 
dynamic stress change from the 24 May 2013  M 5.7 
Greenville earthquake. The seismic velocity susceptibil-
ity as a ratio of the velocity change to the dynamic stress 
change is about 0.006  MPa−1, which suggests that the 
Lassen hydrothermal system is characterized by notably 
pressurized hydrothermal fluid. Our monitoring system 
also reveals a long-term velocity variation that is mostly 
correlated with hydrological-induced vertical deforma-
tion over time. Our observation suggests that an increase 
of surface loading induces a hydrothermal fluid pressure 
transient that leads to a reduction of seismic velocity by 
opening of cracks in a depth of 2–4 km at which it was 
suggested that there exists an active vapor-dominated 
zone. We hypothesize that the long-term variation in 
seismic velocity is primarily controlled by the hydrologi-
cal model with either elastic or poroelastic loading and 
that represents changes in thermal crack density at the 
vapor-dominated zone.
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